Diabetic retinopathy (DR) is one of the leading causes of blindness among working-age adults, affecting approximately 100 million people worldwide.[@i1552-5783-60-2-748-b01] DR is characterized by changes to the retinal microvasculature, primarily as a result of hyperglycemia, such as the formation of microaneurysms, cotton-wool spots, neovascularization, and increased vascular permeability because of the breakdown of the blood--retinal barrier.[@i1552-5783-60-2-748-b02],[@i1552-5783-60-2-748-b03] In recent years, several therapies and strategies have been developed to manage DR; however, there is still a lack of understanding in the molecular mechanisms leading to DR development in its early stages. The identification of these mechanisms may be able to provide therapeutic targets in managing DR.

A healthy endothelium and microvasculature are essential to ensure adequate function of retinal neurons, and any dysregulation of endothelial cells, such as altered adhesion molecule expression, can have detrimental consequences. Previous studies from the retina have found a diabetes-induced increase in intercellular adhesion molecule-1,[@i1552-5783-60-2-748-b04],[@i1552-5783-60-2-748-b05] but a decrease in platelet endothelial cell adhesion molecule-1 (PECAM-1),[@i1552-5783-60-2-748-b06],[@i1552-5783-60-2-748-b07] with the latter playing important roles in maintaining vascular integrity. The decrease in PECAM-1 is not likely to be a result of a change in the number of endothelial cells in the early weeks of diabetes in rodents, as we have found no changes in retinal capillary density in diabetic rats or mice when compared with controls.[@i1552-5783-60-2-748-b08],[@i1552-5783-60-2-748-b09]

PECAM-1 is a cell surface protein that is heavily expressed on the surface of endothelial cells,[@i1552-5783-60-2-748-b10] specifically in the cell--cell junction, and has important functions in the endothelium such as cell--cell adhesion, leukocyte transmigration, cell signaling, and barrier function.[@i1552-5783-60-2-748-b11][@i1552-5783-60-2-748-b12][@i1552-5783-60-2-748-b13]--[@i1552-5783-60-2-748-b14] The 130-kD protein belongs to the immunoglobulin (Ig) gene superfamily with an immunoreceptor tyrosine inhibitory motif and is composed of six extracellular Ig-like domains (570 aa), a transmembrane domain (22 aa), and a complex cytoplasmic domain (118 aa).[@i1552-5783-60-2-748-b11],[@i1552-5783-60-2-748-b15] PECAM-1 suppresses programmed cell death in an immunoreceptor tyrosine inhibitory motif--dependent inhibition of pro-apoptotic signaling and transmits prosurvival signals.[@i1552-5783-60-2-748-b16] In addition, PECAM-1 is a member of a mechanosensory complex mediating cell responses to fluid shear stress,[@i1552-5783-60-2-748-b17] such as the modulation of the shear stress-induced activation of Akt and endothelial nitric oxide synthase (eNOS) by tyrosine phosphorylation.[@i1552-5783-60-2-748-b18] One of the hallmarks of DR is the increase in vascular permeability, leading to the leakage of plasma components into the surrounding tissue and resulting in macular edema and eventual vision loss.[@i1552-5783-60-2-748-b02],[@i1552-5783-60-2-748-b03],[@i1552-5783-60-2-748-b19][@i1552-5783-60-2-748-b20]--[@i1552-5783-60-2-748-b21] Furthermore, studies have demonstrated that PECAM-1 to PECAM-1 homophilic interactions are required for the maintenance of vascular endothelial cell barrier function.[@i1552-5783-60-2-748-b02],[@i1552-5783-60-2-748-b13],[@i1552-5783-60-2-748-b14],[@i1552-5783-60-2-748-b22][@i1552-5783-60-2-748-b23]--[@i1552-5783-60-2-748-b24] Thus, if a loss of PECAM-1 occurs, it can affect this interaction and disrupt the blood retinal barrier, with a possible onset of edema. Many factors can influence the expression of cell surface proteins such as PECAM-1, one of which is cleavage by matrix metalloproteinases (MMPs).[@i1552-5783-60-2-748-b25]

MMPs are calcium-dependent, zinc-containing endopeptidases that have major roles in extracellular matrix remodeling, wound healing, and neovascularization.[@i1552-5783-60-2-748-b26] MMPs can be divided into families according to their substrates, which include extracellular matrix proteins such as collagens, gelatins, and fibronectins and non--extracellular matrix proteins such as chemokines, cytokines, membrane proteins, proteoglycans, and receptors.[@i1552-5783-60-2-748-b26],[@i1552-5783-60-2-748-b27] Studies have demonstrated that PECAM-1 can be cleaved by MMPs such as matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9).[@i1552-5783-60-2-748-b28][@i1552-5783-60-2-748-b29][@i1552-5783-60-2-748-b30]--[@i1552-5783-60-2-748-b31] Furthermore, MMPs have been shown to increase in diabetes,[@i1552-5783-60-2-748-b32] but to our knowledge, no studies have been performed to link their activity with the diabetes-induced loss of PECAM-1.

Therefore, the goal of the current study is to test the hypothesis that hyperglycemia induces a loss of PECAM-1 from the retinal microcirculation, with this loss mediated by MMPs.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Wistar rats (100-120 g; Envigo, Indianapolis, IN, USA) were purchased for use in a model of type I diabetes. The experimental protocols were approved by the Institutional Animal Care and Use Committee of Louisiana State University Health Sciences Center-Shreveport (Shreveport, LA, USA) and adhere to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Experimental Model of Type I Diabetes in Rats {#s2b}
---------------------------------------------

For our animal studies, we injected age-matched male Wistar rats with either vehicle (sodium citrate buffer, control) or streptozotocin (STZ, diabetic), 30 mg/kg/day, for 3 consecutive days to elicit a model of type I diabetes. Rats with a nonfasting glucose level of \>300 mg/dl were considered hyperglycemic, with control nonfasting glucose values of ∼150 mg/dl for control rats. The endpoint was eight weeks after the induction of hyperglycemia, at which time the rats were anesthetized with ketamine/pentobarbital (100 and 50 mg/kg, respectively). Blood samples were collected using femoral vein cannulation for plasma collection, the eyes were enucleated, and the retinas were collected to be further analyzed. For inhibitory studies, the broad-spectrum MMP inhibitor GM6001 (Millipore Sigma, Burlington, MA, USA) was used. Sterile eye drops (25 μl/eye; Major Pharmaceuticals, Livonia, MI, USA) containing either GM6001 (4 mM) or vehicle (0.5% dimethyl sulfoxide (DMSO) in sterile water, controls) were administered twice daily for 2 weeks starting at 6 weeks post STZ injections.

Cell Culture and Treatments {#s2c}
---------------------------

Primary rat retinal microvascular endothelial cells (RRMECs; Cell Biologics, Chicago, IL, USA) were cultured in Dulbecco\'s modified eagle media containing 10% fetal bovine serum under normal glucose conditions (NG; 5 mM) or high glucose conditions (HG; 25 mM) for 6 days to reach confluency. To study the effects of osmolarity on PECAM-1 loss in RRMECs, solutions were added with equivalent osmolarity to high glucose (mannitol and dextran, 20 mM; sodium chloride (NaCl), 10 mM; Sigma-Aldrich, St. Louis, MO, USA) for 6 days. In selected cultures, RRMECs grown under HG or NG conditions were treated for 6 days with 10% plasma collected under sterile conditions from either control or diabetic rats. For inhibitory studies, GM6001 (5 μM) or vehicle were added to RRMECs grown under NG or HG conditions for 24 hours. Prior to the use of MMP-2 (R&D Systems, Minneapolis, MN, USA), the MMP was activated using 4-aminophenylmercuric acetate (APMA; Sigma-Aldrich). Briefly, APMA (10 mM) was dissolved in a 0.1 mM sodium hydroxide (NaOH) solution, then diluted to 2.5 mM APMA using 1 mM calcium chloride (CaCl~2~) in PBS solution. For MMP-2 activation, APMA was incubated at 37°C for 1 hour with MMP-2 (1:10 dilution) to achieve a stock concentration of 44 μg/ml. Activated MMP-2 was added to the RRMECs (50, 100, 200, 400 ng/ml) for 24 hours.

Western Blotting {#s2d}
----------------

Briefly, retinas or RRMECs were collected and lysed in radio immunoprecipitation assay (RIPA) buffer-containing protease inhibitors (Sigma-Aldrich), and a sample buffer under reducing and denaturing conditions was added for western blot analysis. Blood was collected from the rats and centrifuged at 10,000*g* for 10 minutes at 4°C to obtain plasma, and the platelets were collected as described below. Protein concentrations were determined using the Pierce BCA protein assay (Thermo Fisher Scientific, Waltham, MA, USA). Serial dilutions of total protein were loaded to the gel to ensure that the chosen protein concentration band intensity was not in a saturation region. We tested samples that do not express PECAM-1 (smooth muscle cells) as a negative control. Equal amounts of protein were loaded on 8% to 12% SDS-polyacrylamide gels, and the proteins were transferred to nitrocellulose membranes. After using a blocking buffer, the membranes were immunoblotted with primary antibodies (PECAM-1; Santa Cruz Biotechnology, Dallas, TX, USA; MMP-2 and MMP-9, Abcam, Cambridge, MA, USA) overnight at 4°C followed by horeradish peroxidase (HRP)-conjugated secondary antibody incubation for 1 hour at room temperature (RT). β-actin (Sigma-Aldrich) was used as a loading control to ensure equal loading of protein and proper transfer. For plasma/platelet western blotting, a total protein using Ponceau stain (Sigma-Aldrich) was used as a loading and transfer control. Specific bands were detected with an electrochemiluminescent system (Bio-Rad, Hercules, CA, USA), imaged using the ChemiDoc XRS gel imaging system (Bio-Rad), and quantified by densitometry (ImageJ, National Institutes of Health, Bethesda, MD, USA).

Platelet Collection for Western Blotting {#s2e}
----------------------------------------

Blood obtained from control or diabetic rats was collected with 1:6 acid-citrate-dextrose buffer (39 mM citric acid, 75 mM sodium citrate, 135 mM dextrose, pH 7.4) and centrifuged at 286*g* for 8 minutes at RT. The collected platelet-rich plasma was further centrifuged at 286*g* for 8 minutes to remove any red blood cell contamination. The resultant platelet-rich plasma was centrifuged at 14000*g* for 10 minutes at RT to collect platelets. The platelet pellet was resuspended in RIPA buffer with a protease inhibitor and stored at −80°C until further analysis.

Immunoprecipitation {#s2f}
-------------------

RRMECs were washed in cold PBS and lysed in cold lysis buffer (50 mM tris-hydrochloride (HCL) pH 7.6, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) containing protease inhibitors (Sigma). Primary antibodies were incubated with SureBeads magnetic beads (Bio-Rad) for 10 minutes at RT. The cellular lysate was added to the antibody--beads complex and incubated for 1 hour at RT. Immunocomplexes were washed and resuspended in 1X Laemmli buffer (Bio-Rad) and were subjected to an SDS-PAGE western blot for coimmunoprecipitation analysis.

Zymography {#s2g}
----------

The MMP activities in the plasma, RRMECs, and media collected from the cell cultures were assessed using gelatin zymography. Briefly, equal amounts of samples were run under nonreducing, nondenaturing conditions on 10% SDS-polyacrylamide gels containing 1% gelatin. After washing in a 2.5% Triton-X100 buffer at RT for 2 hours, the gels were incubated overnight in a 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM CaCl~2~ buffer at 37°C to activate the digestion of gelatin by MMPs. The gels were stained with 0.5% Coomassie brilliant blue R-250 (Sigma) in 30% ethanol and 10% acetic acid--staining solution for 1 hour at RT. The gels were then destained with 2% acetic acid solution to visualize the digested band. The gel images were taken using the ChemiDoc XRS gel imaging system (Bio-Rad), and the unstained bands that represent MMP digestion were inverted and quantified using ImageJ (National Institutes of Health).

In Silico Analysis of MMP Cleavage Sites {#s2h}
----------------------------------------

A Protease Specificity Prediction Server (PROSPER; Monash University, Victoria, Australia^33^) was used to confirm PECAM-1 as a substrate of MMPs, and to predict the possible cleavage sites. Rat PECAM-1 amino acid sequence (UniProt Consortium, Wellcome Trust Genome Campus, Hinxton, UK) was used to predict the possible cleavage by MMPs.

Immunofluorescence Staining {#s2i}
---------------------------

The retinas were fixed in ice-cold 80% methanol/20% DMSO and then blocked for 24 hours at 4°C in a solution containing 5% BSA and 1% Triton X-100. The anti-PECAM-1 antibody (Santa Cruz Biotechnology) was incubated for 72 hours at 4°C and followed by fluorescently conjugated secondary antibodies overnight at 4°C. The retinas were flat mounted and viewed with a NIKON E600FN fluorescent microscrope (Nikon Instruments, Melville, NY, USA). Different primary antibody dilutions were used to eliminate oversaturated signals. To test for specific staining, the retinas with secondary antibody only were used as controls to account for any nonspecific staining. For cell culture staining, the RRMECs were fixed then permeabilized with 0.1% Triton-X100 and followed by blocking in 5% BSA, 10% fetal bovine serum for 1 hour at RT. The anti-PECAM-1 antibody (Santa Cruz Biotechnology) was added for overnight incubation at 4°C. Fluorescently conjugated secondary antibodies were added to the cells and left to incubate for 1 hour at RT. Mounting medium-containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA, USA) was added to the cells, and pictures were taken using a NIKON E600FN fluorescent microscope and analyzed using ImageJ (National Institutes of Health). Nonspecific staining was accounted for by using secondary antibodies only, and cell immunostaining intensity was normalized to the number of cells using a DAPI nuclear stain to account for variation in cell numbers.

Statistical Analysis {#s2j}
--------------------

Statistical analyses were performed using GraphPad (La Jolla, CA, USA) Prism software. Student *t*-tests or one-way analysis of variance were used to compare the group means, followed by Student-Newman-Keuls post hoc correction. All data are presented as mean ± standard error, with *P* \< 0.05 considered statistically significant.

Results {#s3}
=======

Decrease of PECAM-1 in the Diabetic Retina {#s3a}
------------------------------------------

A significant decrease in PECAM-1 in diabetic rats when compared with controls was observed using western blots of retinal tissue ([Fig. 1](#i1552-5783-60-2-748-f01){ref-type="fig"}A; *P* \< 0.05) and immunofluorescent staining of retinal flat mounts ([Fig. 1](#i1552-5783-60-2-748-f01){ref-type="fig"}B). For the latter, the decrease in the mean staining intensity was ∼50% in the superficial arterioles and venules (*P* \< 0.05), and ∼85% in the deep capillary layer (*P* \< 0.001) as shown in [Figure 1](#i1552-5783-60-2-748-f01){ref-type="fig"}C. No differences in central versus peripheral expression of PECAM-1, or its loss in the STZ rats, were noted. Moreover, plasma PECAM-1 was analyzed via western blotting, with a significant decrease of ∼80% in mean band density (*P* \< 0.05) in STZ rats when compared with controls ([Fig. 1](#i1552-5783-60-2-748-f01){ref-type="fig"}D). Interestingly, no significant changes were observed in diabetic platelet PECAM-1 mean band density when compared with controls ([Fig. 1](#i1552-5783-60-2-748-f01){ref-type="fig"}E). To investigate the effect of disease severity on retinal PECAM-1 levels in the diabetic rats, a comparison between glucose levels and PECAM-1 intensity in the diabetic retina was conducted ([Fig. 2](#i1552-5783-60-2-748-f02){ref-type="fig"}). Within the diabetic rat group (glucose values \> 500 mg/dl), there was a nonsignificant tendency for less PECAM-1 with higher glucose levels in the superficial vessels ([Fig. 2](#i1552-5783-60-2-748-f02){ref-type="fig"}A), but no such tendency in the deep capillaries ([Fig. 2](#i1552-5783-60-2-748-f02){ref-type="fig"}B).

![PECAM-1 was significantly decreased in the retina of diabetic rats. The decrease in PECAM-1 was determined via western blotting of retinal tissue (A) and immunostaining of retinal flatmounts (B); scale bar: = 100 μm. Immunostaining intensity is shown in the superficial retina and the number of pixels exceeding background levels in the capillary layer (C). PECAM-1 mean band densities were significantly reduced in the diabetic plasma (D), but not on the diabetic platelets (E). Western blotting data is a comparison of the relative PECAM-1/β-actin (retina) or PECAM-1/total protein (plasma, platelets) band densities. \*P \< 0.05, N = 5 to 9 per group.](i1552-5783-60-2-748-f01){#i1552-5783-60-2-748-f01}

![The effect of glucose levels on retinal PECAM-1 intensity in diabetic rats. Glucose levels versus PECAM-1 intensity in superficial layer vessels (A) and deep capillaries (B) of rat retinas.](i1552-5783-60-2-748-f02){#i1552-5783-60-2-748-f02}

Linearity and Specificity of PECAM-1 Staining {#s3b}
---------------------------------------------

To validate the immunochemical approach, different dilutions of total proteins from RRMECs and retinas were loaded on gels, with the protein load used for this study (10--15 μg) in the area that does not produce a plateau in the signal ([Fig. 3](#i1552-5783-60-2-748-f03){ref-type="fig"}A). These data indicate that a decrease in the optical density of the PECAM-1 band (e.g., in hyperglycemia) may underestimate the actual decrease in protein levels if not in the linear range. To validate for specificity, smooth muscle cells that do not express the protein of interest were used as a negative control ([Fig. 3](#i1552-5783-60-2-748-f03){ref-type="fig"}B). Similarly, for immunofluorescence imaging, PECAM-1 staining was specific to the luminal side of the vessel, that is, the endothelial cell surface, indicating the specificity of our staining and antibody ([Fig. 3](#i1552-5783-60-2-748-f03){ref-type="fig"}C).

![Linearity and specificity of PECAM-1 staining. (A) Optical density of PECAM-1 western blot bands with different amounts of total protein loaded: (left) RRMECs, (right) retinal homogenates. (B) A western blot showing PECAM-1 bands for retinal homogenate, smooth muscle cells (SMCs) and RRMECs. (C) A cross-section of a retinal microvessel (left) and a cross-section of a central retinal artery (right): PECAM-1 (green) and α-smooth muscle actin (red).](i1552-5783-60-2-748-f03){#i1552-5783-60-2-748-f03}

Hyperglycemia-Induced PECAM-1 Loss in RRMECs {#s3c}
--------------------------------------------

Hyperglycemia is considered the main effector in microvascular damage as a result of diabetes.[@i1552-5783-60-2-748-b34] To verify the effects of high glucose on retinal PECAM-1 levels in endothelial cells, we established an in vitro model of hyperglycemia using primary RRMECs. Primary RRMECs between passages 7 to 9 were grown under NG (5 mM) or HG (25 mM) conditions for 6 days to establish confluency. We observed a significant decrease in PECAM-1 mean band density in RRMECs grown under HG conditions (66%--80% decrease, *P* \< 0.05; [Figs. 4](#i1552-5783-60-2-748-f04){ref-type="fig"}A, [4](#i1552-5783-60-2-748-f04){ref-type="fig"}B). To determine the possible effects of osmolarity on PECAM-1 loss, we tested various solutions at the same osmolarity as HG media (20 mOsm higher than NG) including mannitol, dextran, and sodium chloride. Although we observed a loss of PECAM-1 mean band density with mannitol (37% decrease, *P* \< 0.05) and sodium chloride (48% decrease, *P* \< 0.05) when compared with controls, the HG had the most significant loss of PECAM-1. These results indicate a role of hyperglycemia in PECAM-1 loss, with osmolarity a possible but not definitive contributor. Interestingly, we found an increase in truncated PECAM-1 fragments (∼20 kD) under hyperglycemic conditions ([Fig. 4](#i1552-5783-60-2-748-f04){ref-type="fig"}C), indicating a possible cleavage of PECAM-1 leading to its loss. Moreover, the same mechanism does not seem to be responsible for the loss of PECAM-1 induced by mannitol or NaCl, with decreased rather than increased amounts of truncated PECAM-1.

![Hyperglycemia-induced PECAM-1 loss in RRMECs. (A) PECAM-1 mean band densities were significantly reduced in RRMECs grown under high glucose conditions. (B) PECAM-1 in RRMECs incubated with equal osmolarity to HG media. (C) Truncated PECAM-1 was increased in RRMECs under hyperglycemic conditions. Western blotting data is a comparison of the relative PECAM-1/β-actin band densities. \*P \< 0.05 versus NG, \#P \< 0.05 versus NaCl, dextran, and mannitol; N = 3 per group.](i1552-5783-60-2-748-f04){#i1552-5783-60-2-748-f04}

Diabetic Plasma Induces PECAM-1 Loss {#s3d}
------------------------------------

PECAM-1 is a cell surface protein and thus exposed to factors circulating in the plasma. To test the hypothesis that plasma factors may influence endothelial PECAM-1 expression, we treated cells grown under NG or HG conditions with 10% plasma collected from nondiabetic or diabetic rats. RRMECs grown in NG conditions and treated with 10% diabetic plasma had a significantly lower level of PECAM-1 intensity than cells treated with control plasma alone (27% decrease, *P* \< 0.05; [Fig. 5](#i1552-5783-60-2-748-f05){ref-type="fig"}). The loss of PECAM-1 mean staining intensity was greatest when cells were grown under HG conditions and treated with diabetic plasma (74% decrease, *P* \< 0.05).

![Diabetic plasma induces PECAM-1 loss. (A) Representative images showing PECAM-1 immunostaining with control (CP) or diabetic (DP) plasma treatments; scale bar: = 50 μm. Quantification of immunostaining intensity in treated RRMECs is shown in panel (B). \*P \< 0.05, N = 3 per group.](i1552-5783-60-2-748-f05){#i1552-5783-60-2-748-f05}

MMP Levels Under Hyperglycemic Conditions {#s3e}
-----------------------------------------

Western blots of plasma and retinal samples from diabetic rats revealed a significant increase in MMP-2 mean band density (∼2-fold increase, *P* \< 0.05; [Figs. 6](#i1552-5783-60-2-748-f06){ref-type="fig"}A, [6](#i1552-5783-60-2-748-f06){ref-type="fig"}B), with a significant and roughly equivalent increase in MMP-2 activity in diabetic rat plasma (*P* \< 0.05; [Fig. 6](#i1552-5783-60-2-748-f06){ref-type="fig"}C). Moreover, RRMECs showed a significant increase in MMP-2 mean band density (∼12-fold increase, *P* \< 0.05), accompanied by an increase in activity in the collected media (*P* \< 0.05) when grown under high glucose conditions ([Figs. 6](#i1552-5783-60-2-748-f06){ref-type="fig"}D, [6](#i1552-5783-60-2-748-f06){ref-type="fig"}E). We found no change in MMP-9 mean band density or activity in diabetic rat plasma ([Figs. 7](#i1552-5783-60-2-748-f07){ref-type="fig"}A, [7](#i1552-5783-60-2-748-f07){ref-type="fig"}B). MMP-9 mean band density was significantly increased in RRMECs grown under hyperglycemic conditions when compared with controls ([Fig. 7](#i1552-5783-60-2-748-f07){ref-type="fig"}C); however, this 62% increase was far smaller than the 1200% increase in MMP-2 ([Fig. 6](#i1552-5783-60-2-748-f06){ref-type="fig"}D).

![MMP-2 levels are significantly increased under hyperglycemic conditions. Western blot analyses of MMP-2 in (A) rat retina and (B) rat plasma. (C) MMP-2 activity (zymography) in rat plasma. (D) MMP-2 western blots from RRMECs grown under NG or HG conditions. (E) MMP-2 supernatant activity in NG or HG RRMECs. Western blotting data is a comparison of the relative MMP-2/β-actin (retina, RRMECs) band densities or MMP-2/total protein (plasma). \*P \< 0.05 versus NG; N = 5 to 8 per group in vivo and N = 3 per group in vitro.](i1552-5783-60-2-748-f06){#i1552-5783-60-2-748-f06}

![MMP-9 in the retina and in RRMECs. (A) MMP-9 western blots and (B) activity in rat plasma. (C) MMP-9 in NG and HG RRMECs. Western blotting data is a comparison of the relative MMP-9/β-actin (RRMECs) or MMP-9/total protein (plasma) band densities. \*P \< 0.05 versus NG; N = 5 to 8 per group in vivo and N = 3 per group in vitro.](i1552-5783-60-2-748-f07){#i1552-5783-60-2-748-f07}

MMP-2 Decreases PECAM-1 Levels in RRMECs {#s3f}
----------------------------------------

We examined possible cleavage sites by MMP-2 using PROSPER, a webserver used to predict protease cleavage sites and substrates in silico.[@i1552-5783-60-2-748-b33] We found three possible cleavage sites on PECAM-1 by MMP-2, generating N-terminus fragments ranging between 25 to 75 kDa and c-terminus fragments ranging between 11 to 61 kDa ([Fig. 8](#i1552-5783-60-2-748-f08){ref-type="fig"}A). Furthermore, we verified PECAM-1/MMP-2 interactions using immunoprecipitation in RRMECs ([Fig. 8](#i1552-5783-60-2-748-f08){ref-type="fig"}B), with this interaction not only present in NG conditions, but also possibly increased in HG conditions when normalized to the western blot mean densities of PECAM-1. To further investigate a role for MMPs in PECAM-1 loss, we treated confluent RRMECs with MMP-2 (50--400 ng/ml) for 24 hours and observed a significant decrease at all concentrations ([Fig. 8](#i1552-5783-60-2-748-f08){ref-type="fig"}C). Together, these data demonstrate a possible role for MMPs in the diabetes-induced loss of PECAM-1 in the retina.

![MMP-2 decreases PECAM-1 levels in RRMECs. (A) In silico analysis using PROSPER showing possible PECAM-1 cleavage sites by MMP-2. (B) RRMEC IP experiments showing an interaction between PECAM-1 and MMP-2 with an increase in the interaction (relative to PECAM-1) under HG conditions. (C) PECAM-1 mean band densities are significantly decreased with MMP-2 treatment. Western blotting data is a comparison of the relative PECAM-1/β-actin band densities. \*P \< 0.05 versus 0 ng/ml, N = 3 to 6.](i1552-5783-60-2-748-f08){#i1552-5783-60-2-748-f08}

Inhibition of MMPs {#s3g}
------------------

To determine whether MMP inhibition can protect PECAM-1 levels, we used the broad-spectrum MMP inhibitor GM6001 (Ilomastat), which forms a bidentate complex with the active site of MMPs, thus affecting their biological activity. GM6001 eye drops given to diabetic rats helped maintain retinal PECAM-1 staining levels when compared with untreated diabetic rats when using immunofluorescence staining or western blot analysis of retinal tissues ([Figs. 9](#i1552-5783-60-2-748-f09){ref-type="fig"}A--C). Moreover, we saw the same effects when we treated RRMECs grown under hyperglycemic conditions with GM6001, where we saw a maintenance in PECAM-1 when compared with nontreated RRMECs (*P* \< 0.05; [Fig. 9](#i1552-5783-60-2-748-f09){ref-type="fig"}D). MMP-2 mean band densities did not change with GM6001 treatment in control RRMECs, whereas it significantly increased under hyperglycemic conditions with or without GM6001 ([Fig. 9](#i1552-5783-60-2-748-f09){ref-type="fig"}E). However, there was a significant decrease in MMP-2 activity in media collected from cells grown under hyperglycemic conditions when treated with GM6001 (*P* \< 0.05; [Fig. 9](#i1552-5783-60-2-748-f09){ref-type="fig"}F).

![The inhibition of MMPs protects PECAM-1 levels under hyperglycemic conditions. (A) Representative immunostaining images of GM6001 treatment in the retina; scale bar = 50 μm. (B) Immunostaining intensity in the superficial retina and the number of pixels exceeding background levels in the capillary layer. (C) Comparable normoglycemic/hyperglycemic western blot intensities of PECAM-1 in the retina with GM6001 treatment. (D) WB analysis showing hyperglycemic PECAM-1 levels comparable to RRMECs grown under NG conditions with GM6001 treatment. (E) MMP-2 mean densities in RRMECs were significantly increased under HG conditions but not altered by GM6001. (F) MMP-2 activity was inhibited with GM6001 treatment under HG. Western blotting data is a comparison of the relative PECAM-1/β-actin or MMP-2/β-actin band densities. \*P \< 0.05, N = 7 to 9 per group in vivo, and N = 3 to 5 per group in vitro.](i1552-5783-60-2-748-f09){#i1552-5783-60-2-748-f09}

Discussion {#s4}
==========

Some of the clinical retinal manifestations of diabetes include increased vascular permeability, endothelial cell apoptosis, leukocyte plugging, and alteration in endothelial cell signaling, with PECAM-1 loss also associated with increased endothelial permeability and apoptosis, alterations in endothelial signaling, and inhibited leukocyte transmigration.[@i1552-5783-60-2-748-b10][@i1552-5783-60-2-748-b11]--[@i1552-5783-60-2-748-b12],[@i1552-5783-60-2-748-b14],[@i1552-5783-60-2-748-b23],[@i1552-5783-60-2-748-b35][@i1552-5783-60-2-748-b36][@i1552-5783-60-2-748-b37]--[@i1552-5783-60-2-748-b38] Two previous reports (one in vivo and one in vitro) have indicated that PECAM-1 expression on retinal vascular endothelial cells is reduced in hyperglycemic conditions. In the in vivo study,[@i1552-5783-60-2-748-b06] immunostaining of PECAM-1 in retinal cross-sections from type 2 diabetic db/db mice was less than in nondiabetic controls, although this difference was not explored. In the in vitro study, the measures of PECAM-1 mRNA and protein were decreased by more than 50% in human retinal microvascular endothelial cells when incubated with 25 mM glucose for 72 hours.[@i1552-5783-60-2-748-b07] Neither of these studies delved into the mechanisms responsible for the hyperglycemia-induced loss of PECAM-1, but given the important roles of PECAM-1 in cell signaling, cell survival, and barrier function, finding the mechanism(s) responsible and methods to avert the loss of PECAM-1 could be of clinical importance in DR.

In the current study, we investigated the decreases in PECAM-1 found in a rat model of type 1 diabetes as well as in cultures of RRMECs grown in hyperglycemic media. In these two models, we obtained the following novel findings: (1) the mediator(s) responsible for the decrease may at least, in part, be circulating in the plasma of diabetic rats; (2) one such potential mediator, MMP-2, is elevated in diabetic plasma (and in cells grown in hyperglycemia); (3) MMP-2 interacts with PECAM-1, has cleavage sites on PECAM-1, and decreases PECAM-1 levels in vitro; and (4) MMP inhibition protects endothelial cells in vivo and in vitro from hyperglycemia-induced loss of PECAM-1. It is possible that other MMPs beside MMP-2 also may play a role in the diabetes-induced loss of retinal PECAM-1; however; we found no increase in plasma MMP-9 protein or activity in diabetic rats, and a more moderate glucose-induced increase in RRMEC MMP-9 when compared with MMP-2.

The increase in MMP-2 may be a consequence of oxidative stress,[@i1552-5783-60-2-748-b39] which is known to contribute to DR.[@i1552-5783-60-2-748-b40],[@i1552-5783-60-2-748-b41] Peroxynitrite, a potent oxidant and nitrating molecule, is able to activate pro-MMPs, independently of the proteolytic cleavage of its inhibitory domain, because of catalytic zinc\'s sensitivity to the oxidative environment.[@i1552-5783-60-2-748-b42][@i1552-5783-60-2-748-b43]--[@i1552-5783-60-2-748-b44] When analyzing MMP-2 protein levels using western blotting and enzymatic activity using zymography, we found substantial elevations of the enzyme in both diabetic retinas and plasma as well as in cultured retinal endothelial cells. Therefore, PECAM-1 on the surface of the retinal endothelium could be exposed not only to systemic circulating MMP-2 but also to MMP-2 produced locally by the retinal endothelial cells themselves. Furthermore, the additional experiments confirmed the ability of MMP-2 to interact with and decrease the endothelial expression of PECAM-1, possibly through either proteolysis or shedding.

Despite our results being consistent with a role for MMPs in the hyperglycemia-induced loss of retinal PECAM-1, other mechanisms and mediators contributing in series or in parallel with the actions of MMPs are likely to be important. One such possibility is that osmotic stress may contribute to the loss of PECAM-1, as suggested by our experiments exposing cultured retinal endothelial cells to hyperosmotic media. Although a hyperosmotic solution of dextran had no effect, hyperosmotic mannitol and NaCl partially decreased PECAM-1 levels, but not to the same degree as hyperosmotic glucose. Mannitol and NaCl may have cellular effects that extend beyond their ability to elevate osmolarity, but it should be noted that reports in the literature indicate that MMP production can be stimulated by hyperosmolarity, at least in corneal epithelial cells.[@i1552-5783-60-2-748-b45],[@i1552-5783-60-2-748-b46] However, the levels of osmolarity required to stimulate MMP production in these studies was much higher (up to 500 mOsm/L) than in our current study (∼320 mOsm/L). Even so, high glucose-induced hyperosmolarity has been implicated in cyclooxygenase-2-mediated inflammation that might contribute to DR.[@i1552-5783-60-2-748-b47]

A limitation of the current study that will require further investigation is whether the potential MMP-mediated loss of PECAM-1 is the result of proteolytic cleavage, or shedding, or potentially an effect on endothelial production of the glycoprotein itself. Our antibody against PECAM-1 binds the extracellular domain near a possible site of cleavage and may not be appropriate for detecting cleaved fragments of the protein. Therefore, we were not able to quantify the extent to which PECAM-1 fragments were being released into the plasma. However, the decreased levels of full-length PECAM-1 in diabetic plasma mimicked the decrease seen on the retinal vasculature, which could possibly be consistent with less PECAM-1 being produced by the endothelium. Moreover, the observed increase of truncated PECAM-1 levels on RRMECs cultured under hyperglycemic conditions suggests a possible cleavage. One scenario in which MMP-2 could indirectly decrease levels of PECAM-1 in a cleavage-independent mechanism would be through an increase in tumor necrosis factor,[@i1552-5783-60-2-748-b25],[@i1552-5783-60-2-748-b48] which has previously been found to decrease PECAM-1 mRNA and protein levels[@i1552-5783-60-2-748-b36],[@i1552-5783-60-2-748-b49],[@i1552-5783-60-2-748-b50] in cultured endothelial cells. However, inasmuch as MMP-2 interacts with PECAM-1, a more direct action of the MMP on either shedding or cleavage is a distinct possibility, with previous reports demonstrating the relationship between PECAM-1 shedding and MMPs (although not specifically MMP-2).[@i1552-5783-60-2-748-b37],[@i1552-5783-60-2-748-b51]

To inhibit MMPs, we used the broad-spectrum inhibitor GM6001, which inhibits MMP activity by forming a chelating, bidentate bond with the catalytic zinc molecule at its active site, thus rendering it inactive.[@i1552-5783-60-2-748-b52] Given its effectiveness and our results of altered levels of MMP-2 and the effects of MMP-2 on cultured retinal endothelial cells, it is possible that a more specific MMP-2 inhibition strategy could be appropriate. Therefore, we cannot as yet exclude the possibility that other MMPs besides MMP-2 could play a role in the hyperglycemia-induced loss of PECAM-1. In addition, although our data are consistent with a role for MMPs, such as MMP-2, in the diabetes-induced loss of PECAM-1, we are not suggesting that it is the only mediator, but a part of a complex process initiated by hyperglycemia, leading to a disruption in endothelial cell homeostasis and biochemistry that can alter several signaling pathways.[@i1552-5783-60-2-748-b53]

In conclusion, we found a significant decrease in retinal microvascular PECAM-1 in a type 1 diabetic rat model as well as in cultured retinal endothelial cells in hyperglycemic media. Moreover, we have reported previously no statistical differences in the capillary density between nondiabetic and diabetic rats,[@i1552-5783-60-2-748-b08] suggesting that any change in PECAM-1 protein levels are not likely to be because of changes in capillary density. We believe that our results may be consistent with a mechanism whereby MMPs may be released by the endothelium into the plasma and that the MMPs may directly or indirectly be responsible for the decrease in PECAM-1.

The authors thank Christopher Pattillo and his lab members for providing the ChemiDoc XRS gel imaging system and for guidance with the system.

Supported by funding from National Institute of Health EY025632 and the American Heart Association predoctoral fellowship.

Disclosure: **R.S. Eshaq**, None; **N.R. Harris**, None
